Objectives: HIV infection is known to worsen the outcome of cervical human papillomavirus (HPV) infection and may do so differentially by HPV type.
INTRODUCTION
The 13 human papillomavirus (HPV) types classified as carcinogenic, or probably carcinogenic to humans (group 1/2A carcinogens), 1 hereafter referred to as high-risk (HR) types, differ greatly in their carcinogenic potential.
2 HPV16 is the most potent, 1 causing more than half of all invasive cervical cancers (ICC) worldwide, 3 followed by HPV18 and 45, 2 accounting for about 15% and 5%, respectively. 3 In Africa, a region of high burden of HPV infection 4 and ICC, 5 the attributable fraction for HPV16 seems slightly lower, and that of HPV45 slightly higher, compared with other regions. 3 HIV is an important enhancer of HPV carcinogenesis, particularly in Africa where most women infected with HIV (WHIV) live. HIV-related immunodeficiency (as measured by CD4 + counts) is associated with increased prevalence, 6 cumulative incidence, 7 and persistence 8 of HPV infection, cytological abnormalities, 9 cervical intraepithelial neoplasia (CIN) 2 and 3, 10 and ICC. 11 Indeed, WHIV have an important excess risk of ICC in comparison with the general female population. 12 There is also evidence that the unfavorable impact of HIV-related immunodeficiency on HPV natural history is different by HR HPV type. First, in 2003, it was shown that the detection of HPV16 in WHIV was less affected by changes in immunodeficiency levels than other HR HPV types. 6 In 2006, a meta-analysis confirmed that HPV16 was underrepresented relative to other HR HPV types among HIV-positive women, in all grades of cervical diagnoses up to high-grade precancerous lesions. 13 However, it is not known if this increased attributable fraction for non-HPV16 types in precancerous lesions is also relevant to HIV-infected ICC, because of the very limited information at that time. 13 Since then, in the era of improved survival of WHIV, thanks to widespread access to combination antiretroviral therapy, our group and others have generated much relevant data on HIV-infected ICC in Africa. We aimed, therefore, to collate all data on HPV-type distribution in ICC diagnosed in WHIV and to compare it with similar meta-analytical data in the absence of HIV infection. These data are relevant to understanding the HPV type-specific impact of immunodeficiency and to estimate the fraction of ICC in this HR group that may be preventable by vaccines targeting different HPV types. We also tried to overcome the difficulty in estimating the attributable fraction of HR HPV types for ICC in WHIV that derives from the higher frequency of multiple infections in comparison with the general population.
13,14

METHODS
In 2006, our group published a systematic review of HPV type-specific prevalence in WHIV across the full spectrum of cervical diagnoses (but which included only 14 ICC cases) published between January 1, 1989, and October 31, 2005. 13 For the present report, we extended and updated the initial MEDLINE search up to June 2015, using the terms "human immunodeficiency virus" and "human papillomavirus." Additional relevant studies were identified in the reference lists of selected articles and in abstract books of relevant conferences. Eligible studies had to report HPV type-specific prevalence among HIV-positive ICC, detected using polymerase chain reaction (PCR)-based assays. If publications did not present type-specific HPV prevalence in the required format, data requests were made to authors.
Given the final geographical representation of the eligible studies, analyses were restricted to the 770 ICC cases identified in 21 studies from 12 countries in Africa (Kenya, South Africa, Ghana, Nigeria, Uganda, Botswana, Senegal, Mozambique, Zambia, Ivory Coast, Tanzania, and Guinea; see study details in Table 1 ). The sparse data from ICC cases reported from outside Africa (14 cases in Spain, 36 5 in India, 37 and 5 in the United States 6, 20, 38 ) are not reported here. Data were extracted for 25 HPV types judged to be HR (group 1/2A) or possibly HR (group 2B) by a working group on the evaluation of carcinogenic risks to humans.
1 Prevalence was estimated only among those studies that both genotyped and reported the HPV type in question, and thus, denominators can vary by type.
Type-specific HPV prevalence in HIV-positive ICC from Africa was compared with that in ICC from Africa reported in a previous meta-analysis, 2 updated with recently published studies. Of note, none of the ICC cases included in this comparison group were known to be HIV-positive (72% were ICC diagnosed from the general population and were of unknown HIV status, whereas 28% were known HIVnegative ICC) and are hereafter referred to as HIV-negative ICC, for brevity sake.
Prevalence of HPV types in ICC were compared [between HIV-positive versus HIV-negative ICC and in HIV-positive ICC by type of sample (cervical cytology samples, hereafter referred to as "cells", versus tumor biopsies)], using prevalence ratios (PR) calculated using generalized linear models, with 95% confidence intervals (CI) calculated assuming the nonindependence of cases within the same study using cluster-correlated robust variance estimates. 39 For a subset of 8 studies ( 
RESULTS
Twenty-one studies from Africa met the inclusion criteria, including a total of 770 HIV-positive ICC. Details on each of the included studies are presented in Table 1 . Ten studies, including 512 ICC, tested for HPV DNA from biopsies; 10 studies, including 237 ICC, tested for HPV DNA from cervical cells; and 1 study, including 21 ICC, tested from cervical cells and/or tumor biopsies. HPV typespecific prevalence for HR and possibly HR types among all HIV-positive ICC is shown in Table 2 and compared with corresponding prevalence among 3846 HIV-negative African ICC, in decreasing order of prevalence in HIV-positive ICC. Detection of any HPV type was similar in HIV-positive (91.2%) and HIV-negative (89.6%) ICC, but HIV-positive ICC were more likely to be infected with multiple HPV types (27.8%) than HIV-negative ICC (15.9%) (PR = 1.75, 95% CI: 1.18 to 2.58). HPV16 was the most frequently detected HPV type in HIV-positive ICC (42.5%), followed by HPV18 (22.2%) and HPV45 (14.4%). Nevertheless, HIV-positive ICC were significantly less likely to be infected with HPV16 than HIV-negative ICC (PR = 0.88, 95% CI: 0.79 to 0.99). In contrast, all other HR types were more frequently detected in HIV-positive than HIV-negative ICC (Table 2) , most significantly so, with the largest difference seen for HPV58 (PR = 4.96, 95% CI: 2.33 to 10.5). Almost all possibly HR HPV types were also more frequently detected in HIV-positive compared with HIV-negative ICC ( Table 2) .
Comparisons of HPV prevalence in ICC tested from cells versus biopsies are shown in Table 3 Conversely, for most other HR types (also for possibly HR types-data not shown), multiple infections were more frequent in HIV-positive than HIV-negative ICC, but there were no significant differences in single infections. The most extreme case was HPV33 for which there was a strong lack of single infection (PR = 0.06, 95% CI: 0.01 to 0.42) and a strong excess of multiple infections (PR = 8.29, 95% CI: 2.77 to 24.81). 
DISCUSSION
This meta-analysis of ICC from Africa is the first to assess type-specific HPV prevalence in a large number of ICC diagnosed among WHIV and to allow a comparison with similar data in the general population. Our main finding is that the proportion of ICC attributable to HPV16 is somewhat lower in HIV-positive than HIV-negative women. This is a confirmation of the relative shift from HPV16 to other HR types that has already been observed for WHIV with normal cytology and cervical intraepithelial lesions, 13 even if the difference in HPV16 proportion in ICC is less than that seen among normal cytology and cervical intraepithelial lesions. 13 Indeed, the importance of HPV16 increases with severity of lesion, 2 so that HPV16 remains by far the most common HR HPV type, in both HIV-positive and HIV-negative ICC.
The detection of all HR types, even HPV16, is higher in WHIV in comparison with HIV-negative women. However, the prevalence of HPV16 in WHIV is known to be less affected by decreases in CD4 + cell counts than other HR HPV types. 6 One possible explanation of HPV16's relative insensitivity to immune status is that, through its evolution, it has created better mechanisms to avoid host immune surveillance relative to other HPV types. Hence, relatively speaking, other HR types profit from HIV-related immunodeficiency to a greater degree than does HPV16. Underrepresentation in HIV-positive ICC was seen uniquely for HPV16. All other HR HPV types were significantly overrepresented. Nevertheless, type-specific attribution of the non-HPV16 fraction of HIV-positive ICC is difficult because of the large proportion of HIV-positive ICC that are infected with multiple HR HPV types.
Testing HPV from biopsies instead of cells greatly reduced the detection of multiple HPV infections in ICC cases and helps to tackle the problem of HPV-type attribution. This difference is consistent with our previous findings among 468 WHIV in Kenya, in which cells contained 2-fold more multiple infections than biopsies among WHIV with biopsy-proven CIN2/3, 14 and studies of HIV-negative women with cervical abnormalities. 40, 41 This is not surprising as exfoliated cells come from a wide genital area, including the cervix, vagina, and vulvar opening, whereas biopsies are concentrated at the site of the tumor. Interestingly, the prevalence of HPV16 and 18 were unaffected by the type of sample in our meta-analysis, suggesting a stronger causal relationship with ICC than most other HR types, that were significantly more likely to be present in cells than biopsies. This agrees, for HPV16 at least, with a study that used laser capture microdissection to ultrarefine HPV-type attribution to a single lesion in HIVnegative women. 41 Among 257 CIN2/3, HPV16 was identified as the causal type in almost all CIN2/3 cases with HPV16 in cytology, whereas a large proportion of other HPV types found in cervical smears were not detected at the tissue level. 41 The second approach we used to address the attribution problem was by characterizing each HR HPV in terms of single and multiple infections, in a subset of studies that best allowed such a distinction (and restricted to HPV-positive ICC from studies in which HPV DNA was tested from biopsies only). This approach suggested that the non-HPV16 fraction in HIV-positive ICC could in part be accounted for by an increased fraction attributable to HPV18. A significant excess of HPV18 detection in HIV-positive ICC was seen for both single and multiple HPV18 infections. Some of the individual studies included in this meta-analysis had already reported significantly increased detection of HPV18 15, 17 in HIV-positive ICC. For all other HR types and possibly HR types, their increased detection in HIV-positive ICC was mainly driven by multiple infections, so that current data are insufficient to support their increased attributable fraction in HIV-positive ICC.
With respect to the potential impact of HPV16/18 vaccines in WHIV, the decrease in the HPV16 attributable fraction in HIV-positive ICC seemed to be compensated by an increase in HPV18 fraction, so that the proportion of ICC attributable to HPV16/18 was similar in HIV-positive and HIV-negative ICC. However, this interpretation relies on the assumption that ICC that are positive for HPV16/18 and other HR types (ie, 10.1% in HIV-positive versus 6.1% in HIVnegative ICC) are causally related to HPV16/18. This assumption is supported by vast knowledge on the special carcinogenic potency of HPV16 and 18 1 and has been incorporated into "hierarchical" algorithms of attributing HPV types to cervical disease in previous studies. 42 Similarly, the fraction theoretically preventable by an HPV16/18/31/33/ 45/52/58 vaccine (;90%) seems unaffected by HIV status, with a large part of the remaining fraction in African ICC being attributable to HPV35, regardless of HIV status.
Restriction of the HIV-negative comparison to African ICC only was supported by the finding that the fraction of HIV-negative ICC infected with HPV16/18 in Africa remains slightly lower than in other world regions 3 and that of HPV45 and 35 higher. 3 Although only PCR-based protocols were accepted for inclusion in this meta-analysis, even they are known to not amplify all individual types, 43 most notably in multiple-type infections, with the same sensitivity. We attempted to attenuate this problem by accounting for interstudy variation when calculating PR. Additional adjustment for PCR primers and/or HPV DNA source (cells versus biopsies) did not materially affect our findings (data not shown). One study 28 that tested from cervical cells and/or biopsies is excluded. *Type-specific prevalence includes that in single or multiple infections. †95% CIs calculated assuming nonindependence of cases within the same study. intervened after the beginning of HPV-driven carcinogenic transformation (a process that typically takes decades). Furthermore, the comparison group of ICC from the general population may have included some HIV-positive ICC cases. Nevertheless, a large majority of these cases were diagnosed before widespread combination antiretroviral therapy access in Africa, at which time few WHIV were living long enough to be diagnosed with ICC. This would have a dilution effect of biasing associations toward the null, so that true differences may be greater than those reported here.
In conclusion, HIV-related immunodeficiency seems to alter the relative carcinogenicity of HR HPV types, so that a lower fraction of ICC is caused by HPV16. However, the attributable fraction for HPV18 is concomitantly higher, so that current prophylactic vaccines against HPV16 and 18, which have shown good immunogenicity in HIV-infected populations, 44 
